Background: Many clinicians require a solid understanding of the anatomical areas supplied by specific peripheral nerves. Virtually all pertinent medical textbooks claim that the entire (palmar and dorsal) surface of the hand is supplied by three (median, radial, and ulnar) nerves and that each of these covers a well-defined area. This study was designed to evaluate the sensory-distribution pattern of peripheral nerves in the hand. Methods: Twelve volunteers were enrolled and randomly allocated to have median, ulnar, or radial nerve blocks to each hand on three successive days. All blocks were performed using ultrasound guidance. A neurologist carried out pinprick testing to define the sensory-distribution area of each procedure. The hand surface was then scanned, and the sensorydistribution area of the blocked nerve was traced, measured, and quantified in relation to the entire hand surface for descriptive and comparative statistical analyses. Results: The sensory-distribution areas of the three nerves revealed a high degree of inter-individual and intra-individual variabilities. Sizeable areas were not covered by any of the three nerves, again involving great variability. Conversely, 15 of the 24 hands showed areas of overlapping supply from more than one nerve. Conclusions: Our findings suggest that the anatomical areas supplied by peripheral nerves are characterised by much greater variability than is routinely claimed. Clinical trial registration: DRKS00010707.
Editor's key points
Effective regional anaesthesia requires knowledge of sensory innervation, although this is often based on cadaver studies. This volunteer study investigated hand innervation using targeted nerve block. High variability was found for areas supplied by the blocked nerves (radial, median, and ulnar). In some cases significant areas were not supplied by any of the three nerves. This could explain unexpected block failure, with important implications for both surgery and anaesthesia.
Detailed knowledge of the sensory innervation of individual peripheral nerves is essential to perform peripheral regional anaesthesia techniques effectively. Such anatomical knowledge is also required by plastic and reconstructive surgeons, orthopaedic and trauma surgeons, neurologists, and pain physicians. Despite this requirement shared by so many clinical disciplines, major reference works tend to depict a 'standard' human anatomy with little discussion of anatomical variability.
Anatomists initially relied on cadaver dissections to identify the cutaneous sensory distributions of specific peripheral nerves. Regarding the nerves of the upper limb, the only available reports on anatomical variations are based on observations that have been made in plastic and reconstructive surgery, 1 battlefield surgery, 2 in cadaver dissections, 3e7 and using electrophysiological methods. 8e10 In a literature search, we could not find any study that precisely mapped the sensory loss and anatomical variations associated with the local anaesthetic block of specific peripheral nerves. In other words, our current understanding of cutaneous innervation is mainly based on structural observations or indirect methods. These considerations prompted us to use a clinical method in a sample of volunteers to investigate the sensory supply of the hand of the median, radial, and ulnar nerves. Our aim was to use these nerves to provide an example of the variability of sensory supply and its potential impact on the efficacy of regional anaesthesia.
Methods
This study was approved by the Ethics Committee at the Medical University of Vienna (EK 1690-2016) and registered via the German Clinical Trials Register (DRKS00010707).
Study design and participants
We designed a prospective, double-blind, crossover, randomised, uncontrolled study on healthy volunteers. Volunteers were excluded if they had malformations or previous injuries of the upper limbs, a body mass index !30 kg m À2 , used nonsteroidal anti-inflammatory drugs within the previous 2 weeks, known allergies or hypersensitivity to lidocaine or other amino-amide local anaesthetics, participated in another clinical study within the previous 4 weeks, clinically relevant coagulopathy, or ECG abnormalities considered to be clinically relevant (such as atrioventricular block or bradycardia). The screening visit took place within 3 weeks of the first study day.
Twelve healthy volunteers were enrolled, all of them Caucasian male adults (for more on this, see Discussion) who were informed prior to the study about its nature, scope, procedures, and risks. They all underwent a general physical examination, including a medical history, blood sampling (for red blood cell/white blood cell counts, haemoglobin, haematocrit, platelets, and coagulation indices), as well as an ECG, and measurements of blood pressure and heart rate were taken after lying supine for 5 min.
Randomisation, blinding, outcome measures
The volunteers were allocated to receive in random order median, ulnar, and radial nerve blocks to each arm over three successive days. The volunteers were blinded to the specific nerve blocks and were prevented from directly viewing the ensuing pinprick testing (see below), which was conducted by a clinical neurologist also blinded to the nerve block. The primary and secondary outcome variables of the study were the sensory areas covered by each (radial, median, or ulnar) nerve block and the intra-individual (left hand vs right hand) differences, respectively. The onset and duration of the nerve blocks were not part of the study design, and hence, were not evaluated.
Ultrasound guidance
All nerve blocks were performed under sterile conditions using ultrasound guidance (M-Turbo; SonoSite, Bothell, WA, USA) using a 13-6 MHz linear probe (HFL38), with a sterile ultrasound probe cover (Safersonic, Ybbs, Austria). The block was performed using a 22-G facette tipped needle with a 30 cm injection line (Te Me Na, Z.I. des Amandiers, Carri eres-surSeine, France) through an in-plane needle guide. Three millilitres of lidocaine 20 mg ml À1 (Xylanaest purum 2%; Gebro Pharma, Fieberbrunn, Austria) was injected to achieve full circumferential spread of the local anaesthetic around the target nerve.
Nerve blockade
The volunteers were admitted to the clinical research ward on the morning of each study day. All nerve blocks were conducted by the same clinician, who has extensive experience in ultrasound-guided regional anaesthesia (P.M.). First, we inserted a 20-G plastic cannula featuring a switch valve (Venflon; BD Infusion Therapy AB, Helsingborg, Sweden) into an antecubital vein, selecting a site not interfering with the scheduled nerve blockade. Then, in accordance with the randomisation protocol, we blocked either the median nerve between the upper and middle thirds of the forearm where it is embedded between the flexor superficialis and profundus muscles, or the radial nerve on the radial aspect of the upper arm where it enters the cubital fossa (between the brachialis and brachioradialis muscles), or the ulnar nerve between the upper and middle thirds of the forearm where it is embedded between the flexor carpi ulnaris and the flexor digitorum superficialis and profundus muscles.
Motor testing
Twenty-five minutes after the local anaesthetic injection, the effectiveness of the motor blockade was judged by qualitatively assessing the motor function of the thumb (median nerve: opponens pollicis muscle; radial nerve: extensor pollicis longus muscle; and ulnar nerve: adductor pollicis muscle). No statistical analysis of these data was done, as their sole purpose was to obtain additional confirmation of successful nerve blockade.
Sensory testing
Thirty minutes after the local anaesthetic injection, when we anticipated maximum sensory block to be established, the neurologist (S.M.-M.) assessed the sensory distribution of each nerve block in the hand (extending proximally to the sulcus carpus mediusdroughly coinciding with the radiocarpal joint space) using short-bevelled 22-G needles. The needle tip was applied so as to indent the skin without puncturing it, eliciting a consistently painful sensation when applied to non-blocked areas. This pain was rated in steps of 10%, ranging from 100% (the same pain as non-blocked areas) to 0% (no pain). The 0% area was marked with a coloured pen to mark the area of the sensory blockade. Each subject was examined before the second and third, and 48 h after the third, nerve blocks to each hand to rule out residual effects of the previous block and to check for puncture-related haematoma or local infection. This kind of sensory testing is well described in the literature. 11e13 Alternative methods, such as evaluation of skin temperature (which is also a factor of skin sensitivity), were not performed because of conflicting results in the literature and various factors influencing the measurements. 14 In addition, the sympathetic portion of the three investigated nerves is not described (different to, e.g. the sciatic nerve, where a large portion of sympathetic fibres can be assumed 15 ) and may differ between the three nerves.
Data preparation
After each nerve block (n¼72), we took an image of the palmar and dorsal surfaces of the hand with a commercial digital photocopier, and saved the images as JPEG files. Then, the hand's palmar and dorsal contours and the sensorydistribution area (0% responsiveness on pinprick testing) of the blocked nerve were traced from the photocopied images on tracing paper in different colours, using hatched markings for zones unaffected by all three blocks. The tracings were scanned with an image scanner and saved as PDF files, and then calculating area measurements for hand contour, sensory blockade, and unblocked zone with Adobe Acrobat (XI Pro; Adobe, Dublin, Ireland), and the percentages of the hand surface occupied by the blocked and unblocked areas using Microsoft Excel (version 2013; Microsoft, Dublin, Ireland). An example is shown in Fig. 1 .
Statistical analysis
No power analysis was performed because of the lack of preclinical data. Microsoft Excel was used to calculate descriptive statistics (mean, standard deviation, and coefficient of variation) and SPSS (version 24; IBM, Armonk, NY, USA) was used for comparative statistics, including a Friedman test to compare the relative hand surface areas supplied by the three nerves. Wilcoxon signed-rank test was used for the paired comparison of these relative areas in the dominant vs nondominant hands.
Results
We completed 72 nerve blocks in 12 volunteers. The subjects' characteristics are presented in Table 1 . Complete motor block after 25 min was achieved in all but one case, where there was incomplete block of the radial nerve, equating to a 98.6% success rate. There was no residual block in any of the postblock examinations. Figs 2e4 illustrate, for each of the assessed hands, both the sensory-distribution areas of the three (median, radial, and ulnar) nerves and the area not covered by any of the three blocks. Fig. 5 summarises, for each hand, all three sensory-distribution areas in relation to the unblocked area.
The extent of the inter-individual and intra-individual variabilities of the sensory distribution of each of the three nerves can be clearly seen in Figs 2e4. The most extensive innervation was provided by the median, followed by the ulnar and radial nerves. The sensory-distribution areas of all three nerves varied significantly. The greatest inter-individual variability was noted for the radial, followed by the median and ulnar nerves (Table 2, Figs 2e4). We found different hand regions to exhibit different variabilities: the fifth digit and the ulnar aspect of the fourth digit were consistently supplied by the ulnar nerve (Fig. 4) , whilst sensory innervation of the thumb varied between the median and radial nerves.
Interestingly, large areas of the hand were not supplied by any of the three nerves, which again involved great variability. The borderline between the ulnar and median nerve distributions, in particular, emerged as unaffected by all three nerve blocks. Conversely, 15 of the 24 hands (62.5%) showed areas of overlapping supply from more than one nerve. We did not observe any significant differences in sensorydistribution areas between the dominant and non-dominant hands.
There were no puncture-related complications (nerve block and pinprick testing) throughout the study period.
Discussion
This is the first study where areas of sensory supply from specific peripheral nerves are precisely identified using clinical methodology. Our main finding is that the precise areas of the hand innervated by the median, radial, and ulnar nerves are subject to high inter-individual and intra-individual variabilities. As another case in point, the three nerves between them are invariably described in all major reference works as supplying the entire cutaneous sensation of the hand. However, our results indicate that 20% of the surface of the hand may not be supplied by any of these nerves.
The anatomical literature hardly does justice to the oftenquoted saying by William Oslerdfrequently described as the 'Father of modern medicine'dthat 'variability is the law of life'. 16 8e10 The regional anaesthesia literature does not contribute additional knowledge in this field. It seems plausible that variation from textbook anatomy contributes to the incidence of failed peripheral regional anaesthesia (failure here meaning inability to perform the surgical procedure for which the block is intended without additional measures).
One explanation for some of the inter-individual and intraindividual variabilities and overlapping areas of sensory supply we noted is the existence of numerous anastomoses between the three nerves we investigated. Two examples are the MartineGruber and Marinacci anastomoses between the ulnar and median nerves. 20 Our finding that rather large areas of a hand's surface are not supplied by any of the three nerves was especially notable at the borderline between the ulnar and median nerves. Conceivably, this area may be supplied by the lateral antebrachial cutaneous nerve (the sensory end branch of the musculocutaneous nerve), which was not investigated in this study. This nerve might innervate the skin of the thenar eminence, the radial half of the palm, proximal parts of the second and third digits, the entire thumb, and the adjacent dorsal hand region, 18 thus exemplifying what has been called the 'maximum area' that a nerve may cover. 19 Another candidate for participation in sensory innervation of the hand is the posterior antebrachial cutaneous nerve, which branches off the radial nerve proximal to where we blocked it, and might supply the dorsal aspect of the hand. 18 Furthermore, the anatomical literature from the mid-20th century has suggested a role for the medial antebrachial cutaneous nerve. This nerve originates directly from the medial cord of the brachial plexus and may, via anastomotic branches with the palmar branch of the ulnar nerve, supply proximal areas of the palm. 21 However, the expression 'antebrachial' would, by definition, exclude innervation of the hand, and so either the nerve's designation or this anatomical description is incorrect.
Although it is theoretically possible that a non-blocked area of the palm might be supplied by a palmar branch of the median nerve with a very proximal origin, we suggest this is extremely unlikely, as the point at which this branch separates from the median nerve is invariably distal to where we blocked the median nerve. 18, 21 Lastly, it is even conceivable that some skin areas may not be supplied by conventional sensory nerves at all. Instead, vessel-accompanying nerves or plexuses might be involved, although this notion has currently little evidence to support this. A regional anaesthetic technique has been optimally executed if local anaesthetic surrounds all relevant nerve structures. Even if this criterion is met, however, there is no such thing as a 100% success rate. In other words, no matter how good we become at performing a specific block, some of the related surgical procedures will still require additional anaesthetic techniques. The present investigation does support the notion of anatomical variability accounting for some of these failures, but our findings really have implications that extend far beyond regional anaesthesia. Again, it is important to understand that we selected the three nerves for this investigation merely as one example from amongst a wide variety of nerve structures of relevance to peripheral regional anaesthesia. It is perfectly foreseeable that future studies will disclose similarly great variability in the sensory-distribution areas of other nerve structures.
One might wonder if the quality of the nerve blocks achieved with our method was appropriate to evaluate the sensory-distribution patterns of specific nerves. We did, however, use the very latest state-of-the-art technology in regional anaesthesia, 22 and all nerve blocks were conducted by a practitioner who has been involved in the development of ultrasound-guided nerve blockade from the very outset. Motor and sensory testing verified that 71 of the 72 blocks were performed successfully, implying that circumferential spread of the local anaesthetic was achieved around the target nerve for optimal blockade. Although we have learned from 3D ultrasound studies that 2D ultrasound cannot always verify full circumferential spread of a local anaesthetic, in clinical practice there is no difference in how a local anaesthetic will spread around a peripheral nerve. 27 To all intents and purposes, therefore, nerve blocks using today's most advanced technique may be considered adequate when evaluating patterns of sensory distribution.
In conclusion, we evaluated in a clinical setting the anatomical areas of the hand receiving sensory supply by the median, radial, and ulnar nerves. We found these areas to involve high degrees of inter-individual and intra-individual variabilities, which might contribute to the fact that regional anaesthetic blocks will occasionally fail despite having been adequately executed. We recruited Caucasian male participants for this study, in line with our policy to perform volunteer studies in regional anaesthesia on men, as in the case of women the Ethics Committee would impose the impractical requirement of pregnancy testing before each study day. However, it would be unreasonable to suspect that the variability described here might differ with sex or ethnicity.
Again, the implications of this variability extend far beyond regional anaesthesia, as a solid understanding of the anatomical areas supplied by specific peripheral nerves is required in many different clinical disciplines. We also reiterate that the nerves of the brachial plexus (median, radial, and ulnar) were selected merely to set an example for what may well hold true of all relevant sensory nerves in clinical medicine. Our consistent findings of high variability of the cutaneous innervation of the hand suggest that the precise areas supplied by peripheral nerves may, in general, be far more variable than claimed for the hand in virtually all textbooks of anatomy, neurology, and regional anaesthesia. Hence, our findings do deserve consideration not only by anaesthesiologists, but also by plastic and reconstructive surgeons, orthopaedic and trauma surgeons, neurologists, or pain physicians. More research is needed into the sensorysupply variability of other nerve structuresdwhether for diagnostics, surgery, or anaesthesia. 
